It has been less than two decades since anammox (anaerobic ammonium oxidation) coupled to nitrite reduction has been discovered. Already, this process has been recognized as an important sink for fixed nitrogen in the natural environment and has been implemented as a cost-effective ammonium removal technology. Still, little is known about the molecular mechanism of this remarkable reaction. In this mini review, we present an insight into how ammonium and nitrite are combined to form dinitrogen gas.
Introduction
Anammox (anaerobic ammonium oxidation) is the direct coupling of ammonium and nitrite under anoxic conditions to form dinitrogen gas:
The anammox reaction is associated with a considerable release of Gibbs free energy ( − 358 kJ/mol) and is mediated by a group of micro-organisms in the order Brocadiales associated with the phylum Planctomycetes [1] [2] [3] . In the first decade after the serendipitous discovery of the anammox bacteria in a wastewater treatment plant, the two major lines of research have been the possible application of this process for sustainable nitrogen removal and a quest for understanding the role of these micro-organisms in natural sub-oxic and anoxic ecosystems [4] [5] [6] [7] [8] [9] [10] .
These studies have been very fruitful. Now, the anammox process has successfully been implemented as an environmentally friendly and cost-effective alternative to conventional nitrification-denitrification wastewater treatment plants in several countries [11, 12] . Moreover, the anammox bacteria have been detected in many oxygen-limited natural ecosystems ranging from Arctic ice to tropical lakes and fjord to mangrove sediments [13] [14] [15] [16] . The anammox process is now being more and more recognized as a major sink for fixed nitrogen in the ocean and according to the most conservative estimations it is responsible for 50 % of the dinitrogen gas produced in marine ecosystems [17] [18] [19] .
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at best [20] . The question that remains is: how could a micro-organism that doubles every 2 weeks [21] , has a membrane-bound intracellular organelle (anammoxosome) surrounded with highly impermeable ladderane lipids [22] , is predicted to have toxic intermediates such as hydrazine, hydroxylamine or nitric oxide and has one of the most redundant genomic organizations [23] be such a successful competitor in both natural and manmade ecosystems in past and present geological times?
The metabolic versatility of the anammox bacteria seems to be one of the key elements of the perceived competitive advantage for these bacteria. It has recently been shown that the anammox bacteria are able to perform a number of redox reactions in addition to the oxidation of ammonium coupled to the reduction of nitrite. They are able to use Fe 3+ , Mn
4+
and nitrate as electron acceptors and Fe 2+ , formate, acetate, propionate and methylamines as electron donors [23] [24] [25] [26] . The use of organic electron donors with nitrate as the electron acceptor by anammox bacteria is particularly interesting because the reduction of nitrate to nitrite and subsequently to ammonium provides the substrates for dinitrogen gas formation via the anammox reaction [24] .
Insights from the genome analysis [23] , physiological experiments [21, 24, 27, 28] and the localization of cytochrome c-type proteins at the anammoxosome membrane [29] have led to a hypothetical metabolic scheme (Figure 1 ). In this scheme, the energy conservation of the anammox bacteria is centred on the reductive power of hydrazine. The low-redox potential electrons released through the oxidation of hydrazine to N 2 [by putative HZOs (hydrazine dehydrogenase/oxidases)] serve three goals: the continued hydrazine synthesis by the condensation of ammonium and NO (nitric oxide) derived from nitrite reduction, the build up of a pmf (protonmotive force) by a cytochrome bc 1 complex, and providing the reducing power for (autotrophic) carbon fixation. The electrons consumed in the latter process, however, need to be replenished by the oxidation of nitrite to nitrate. In consequence, the growth of anammox bacteria is always associated with nitrate formation [30] . In this review, we discuss the unique route that anammox bacteria take from ammonium and nitrite to dinitrogen gas including the multifaceted membrane proteins predicted to be involved in electron transport, energy conservation and cell carbon synthesis.
Elucidation of the Candidatus 'Kuenenia stuttgartiensis' genome
The first genome of an anammox bacterium was reconstructed from the metagenome of a laboratory-scale enrichment culture (∼70 %) of Ca. 'Kuenenia stuttgartiensis' in 2006 [23] . The remaining 26 % of the community was identified as belonging to 28 different operational taxonomic units, comprising six bacterial phyla and two lineages of uncultured bacteria. The assembled genome consisted of five supercontigs, each showing an average 22-fold read coverage. In total, it was estimated that 98.5 % of the genome was represented in this assemblage.
The number of genes [3479 genes encoded in 4663 ORFs (open reading frames)] and the presence of more than 200 ORFs, including 61 c-type cytochromes, annotated as candidate genes involved in catabolism and respiration, was striking, considering that anammox bacteria were assumed to be lithotrophic specialists when they were first discovered in 1995 [31] . The redundancy in respiratory and catabolic pathways, however, reflects the currently known metabolic versatility [23, 24, 26, 32] , which is only partly understood. Furthermore, insights from the genome analysis [23] together with physiological experiments [21, 24, 27, 28] allowed the proposal of the mechanism by which ammonium is oxidized under anaerobic condition coupled to the reduction of nitrite.
The anammox process
Initially, it was conceived that the anammox process involved the turnover of hydroxylamine and hydrazine as intermediates [27, 28] . However, the apparent lack of a nitrite:hydroxylamine oxidoreductase and the identification of a cd 1 nitrite:nitric oxide oxidoreductase, NirS, in the genome of Ca. 'Kuenenia stuttgartiensis' suggested an equally plausible alternative three-step cyclic pathway ( Figure 1 ): (i) the one-electron reduction of nitrite to NO by NirS, (ii) the condensation of one molecule NO with one molecule of ammonium with the concomitant input of three electrons regenerating hydrazine, and (iii) the oxidation of hydrazine, catalysed by HZO, yielding four electrons and dinitrogen gas as the end product. Although several gene clusters encoding putative enzymes catalysing these reactions were proposed, experimental determination of the intermediates and the experimental establishment of these proteins have not been conducted yet.
In this hypothesis, nitrite is proposed to be reduced to NO by the cytochrome NirS homologue kuste4136, which forms part of a gene cluster (kuste4136-4140) coding for a putative cytochrome c-containing redox partner (kuste4137), and the three key enzymes for haem d synthesis (kuste4138-4140).
The crucial and unique reaction in the anammox metabolism is the forging of an N-N bond from NO and ammonium to make hydrazine (Figure 1) . Obviously, considering the biochemical novelty, genome comparisons would not lead to an easy identification of candidate genes coding for an enzyme(s) mediating this reaction. Nevertheless, the detailed analysis of the Ca. 'Kuenenia stuttgartiensis' genome allowed the identification of two highly unique gene clusters that might encode the putative HZS (hydrazine synthase) protein (complex) as well as accessory proteins kuste2854-2861 and kuste2469-2483 [23] . The 'operon' kuste2854-2861 encodes a protein featuring a β-propeller structure (kuste2859) and two haem-containing proteins (kuste2860 and kuste2061). The dihaem protein kuste2860 shares remarkable sequence homology with cytochrome c peroxidase. The gene cluster kuste2469-2483 encodes a new multicopper oxidase and a flavin containing amine oxidase. Again, it remains to be established which of the two operons encodes the HZS.
The four-electron oxidation of hydrazine to dinitrogen gas is known to be catalysed artificially by the HAO Figure 2 The ten HAO-like octahaem proteins in the Ca.
'Kuenenia stuttgartiensis' genome Gene products are ordered according to their cluster position in the phylogenetic tree [35] ; aa denotes the number of amino acids of the gene products. Homologous sequences (pink) are vertically aligned. TM, transmembrane region; cleavage: N-terminal cleavage site, CXXCH: cyt (cytochrome) c-binding motif. Redox partners represent (potential) electron transfer subunits found in the same gene cluster.
(hydroxylamine oxidoreductase) class of proteins [33, 34] . These proteins are characterized by the presence of eight relatively regularly interspaced haem groups represented by the CXXCH motif in the amino acid sequence [35] . Remarkably, ten HAO paralogues were identified in the Ca. 'Kuenenia stuttgartiensis' genome. Several of these clustered with genes coding for cytochrome c proteins that might be involved in electron transfer (Figure 2 ). Based on sequence comparisons and phylogenetic analysis, HAOs can be classified into six groups [35] . This classification represents the differences in the lengths of haem-surrounding α-helices sequences, and as a result, differences in the distances between and positioning of the haem moieties with respect to one and another, differences in the haem axial ligands and the presence or absence of specific tyrosine residues involved in the covalent linkage of subunits. Each of these aspects is assumed to lead to distinct biochemical properties of the catalytic haem and the redox properties of the surrounding haems. The ten HAO paralogues from Ca. 'Kuenenia stuttgartiensis' belong to four different (sub) groups. The questions that remain to be answered are: (i) which of these is the physiological HZO and (ii) what would be the role of the other ones.
In 2007, Shimamura et al. [36] purified a HAO-like protein, which was abundantly present in the anammox strain KSU-1. This enzyme catalysed the oxidation of hydrazine using cytochrome c as an electron acceptor with high affinity and high specific activity. Interestingly, hydroxylamine, one of the proposed anammox intermediates and the common substrate of HAO-like proteins, was a potent inhibitor of the reaction. These properties would suggest the enzyme to be the genuine HZO. Unfortunately, it was not investigated whether dinitrogen gas was the end product of hydrazine oxidation. The hydrazine dehydrogenase from KSU-1 shows high sequence similarity to both kustc0694 and kustd1340 in the Ca. 'Kuenenia stuttgartiensis' genome. All three have an atypical cytochrome c-binding motive (CXXXXCH) at the third haem position (Figure 2) . It is yet to be investigated how this motif change might affect the functionality of the particular haem. Kustc0694 and kustd1340 share nearly 100 % sequence identity over the C-terminus, but where kustc0694 exhibits a transmembrane region, kustd1340 contains an N-terminal cleavage site (Figure 2 ), suggesting that both enzymes might fulfil the same function, but in different compartments of the cell. Immunogold localization of these proteins (complexes) by electron microscopy might help to elucidate this matter [29, 37, 38] .
Shimamura et al. [39] also described the purification of a second HAO-like protein from KSU-1, which could be similar to the one isolated previously from the Candidatus 'Brocadia anammoxidans' enrichment culture [40] . These proteins show a high catalytic activity towards cytochrome c-dependent hydroxylamine oxidation, the affinity and oxidation rate with hydrazine being significantly less. Still, the end product of this reaction and whether hydroxylamine is the physiological substrate remain to be determined. It is interesting to note that the particular HAO from strain KSU-1 shows 87 % sequence similarity to the protein encoded by kustc1061 in the genome of Ca. 'Kuenenia stuttgartiensis'.
Altogether, much remains to be learned about the roles of the different HAOs encoded by Ca. 'Kuenenia stuttgartiensis' and how they are tuned to a specific function. It is conceivable that some of these are involved in detoxification of potentially hazardous nitrogen compounds (NO, hydroxylamine and hydrazine). Their apparent redundancy might also hint at an intermediary nitrogen metabolism, which is much more complicated than presently thought. In this respect it might be interesting to refer to the denitrifying property of anammox bacteria. The process includes the six-electron reduction of nitrite to ammonium (Figure 1) , a reaction that is commonly performed by an NrfA-type dissimilatory pentahaem protein [41, 42] . Such a protein seems to be absent from the Ca. 'Kuenenia stuttgartiensis' genome [24] ; however, the same reaction could also be mediated by one of the octahaem HAOs, kuste2457 being a plausible candidate [35] .
Electron transport and ATP synthesis
As mentioned above, more than 200 genes involved in catabolism and respiration were identified [23] and so far this redundancy has only been observed in versatile micro-organisms such as Geobacter sulfurreducens [43] and Shewanella oneidensis [44] . The abundance of cytochrome proteins suggests a complicated network of branched respiratory chains, allowing anammox bacteria to use a broad spectrum of external electron donors and terminal electron acceptors. Analogous to known biological systems, respiratory electron transfer will be associated with the build up of a pmf for ATP synthesis by a membranebound ATP synthase (Figure 1 ). It is proposed that pmf in anammox bacteria is built across the anammoxosome membrane [45] .
This hypothesis states that in the central catabolism, four electrons derived from hydrazine oxidation enter a cyclic flow via a reduced quinone pool and a membranebound bc 1 complex (Figure 1 ). In fact, in the genome of Ca. 'Kuenenia stuttgartiensis', three gene clusters could be annotated as putative quinol:cytochrome c oxidoreductases (kustd1480-1485, kustd4569-4574 and kuste3096-3097). The 'canonical' bc 1 complex is composed of three proteins, the Rieske 2Fe-2S iron-sulfur protein, quinol-binding cytochrome b and cytochrome c. These are found in all three-gene clusters, albeit with interesting differences: in both kustd1480-1485 and kuste4569-4574, the cytochrome b is split into two genes (kustd1481 and 1484, kuste4571 and 4572 respectively). In contrast, in kuste3096-3097, the haem b and haem c subunits are fused (kuste3097). Kustd1480-1485 and kustd4569-4574 both contain multihaem cytochrome c subunits rather than a monohaem, indicating electronwiring circuits that are much more complicated than in conventional bc 1 complexes. Remarkably, one of these HAO-like proteins (kuste4574) is an additional component of the latter quinol:cytochrome c oxidoreductase. Finally, both kustd1480-1485 and kuste4569-4574 complexes contain a subunit with a high sequence similarity to the NAD(P)-and FMN-binding subunits of NAD(P) oxidoreductases.
In agreement with known systems, electron transport through the bc 1 complexes would allow proton translocation, thus creating the pmf to drive ATP synthesis. Analysis of the genome revealed four distinct operons encoding putative ATPases, three belonging to the F 1 F o -type, one to V-type [23] . Recently, one of these ATPases was detected both at the cytoplasmic and anammoxosome membranes by immunogold localization [38] .
Nitrite oxidation and nitrate reduction
In addition to delivering the electrons for the catabolic reduction steps (NO and hydrazine synthesis), hydrazine oxidation simultaneously provides the reducing power for carbon fixation. Through this process, electrons are drained from the pool and have to be replenished, notably by the oxidation of nitrite to nitrate (Figure 1 ). This reaction is commonly carried out by the quinol-dependent nar (nitrate reductase). The high redox potential electrons from nitrite oxidation have to be pumped uphill to the level of the bc 1 complex, which represents a difficult case of reversed electron transport. In the genome of Ca. 'Kuenenia stuttgartiensis', the genes coding for the catalytic nar subunits (NarG, kustd1700 and NarH, kustd1703) are members of a large gene cluster (kustd1699-1713). These gene products could potentially constitute a membrane-bound protein complex of a hitherto unknown intricacy (Figure 3) . The canonical quinol-binding site of the conventional nar complex, NarI, is absent from the Ca. 'Kuenenia stuttgartiensis'. Instead, six genes encoding haem c proteins are present, next to three gene products that may bind a haem b, and two genes putatively coding for (cupredoxin-like) blue copper electron transfer proteins (Figure 3) . Together with the iron-sulfur clusters of NarH and the molybdopterin catalytic site in NarG, the whole 'operon' covers almost the full natural repertoire of electron carriers, in concert with the electron flow and bifurcation associated with reversed electron transport.
Conclusions
As well as the currently known biological novelty of anammox bacteria such as ladderane lipids, intracellular compartmentalization and long doubling times, the fundamental biochemistry of this reaction appears to be unique. The current quest and future research will be focused on purification and characterization of the key enzymes and protein complexes of these remarkable bacteria.
